Single biomolecules in free solution have long been of interest for detailed study by optical methods, but Brownian motion prevents the observation of one single molecule for extended periods. We have used an anti-Brownian electrokinetic (ABEL) trap to trap individual protein molecules in free solution, under ambient conditions, without requiring any attachment to beads or surfaces. We also demonstrate trapping and manipulation of single virus particles, lipid vesicles, and fluorescent semiconductor nanocrystals.
Single biomolecules in free solution have long been of interest for detailed study by optical methods, but Brownian motion prevents the observation of one single molecule for extended periods. We have used an anti-Brownian electrokinetic (ABEL) trap to trap individual protein molecules in free solution, under ambient conditions, without requiring any attachment to beads or surfaces. We also demonstrate trapping and manipulation of single virus particles, lipid vesicles, and fluorescent semiconductor nanocrystals.
anti-Brownian electrokinetic trap ͉ electrophoresis ͉ feedback ͉ single molecule ͉ trapping T his year marks the 101st anniversary of Einstein's explanation of Brownian motion. He showed that the jittering of small particles in water is the cumulative effect of countless collisions with thermally agitated water molecules (1) . Brownian motion is a major transport process at the cellular and subcellular levels and thus is essential for life. Brownian motion also makes the task of studying subcellular structures in solution difficult: freely diffusing nano-objects do not hold still long enough for extended observation.
Laser tweezers have proved highly successful at manipulating objects in solution in the size range of 100 nm to 1 m but require prohibitively large optical powers to trap objects much smaller than 100 nm (2) . Surface-attachment chemistry often is used to immobilize individual molecules for extended study, but there remains a persistent doubt whether the immobilized molecules behave the same as their free-solution comrades (3). Recently, we described an anti-Brownian electrokinetic (ABEL) trap, which uses fluorescence microscopy and electrokinetic forces to overcome Brownian motion for 20-to 100-nm fluorescent polystyrene spheres (4, 5) . Here, we show that the ABEL trap can suppress Brownian motion of individual protein molecules in free solution, under ambient conditions. We also demonstrate trapping and manipulation of single virus particles, lipid vesicles, and fluorescent semiconductor nanocrystals. To our knowledge, the trapping of individual biomolecules in free solution has not been previously described.
Enderlein (6) proposed to use feedback to translate either the laser focus or the microscope stage to keep a diffusing fluorescent molecule within the focal volume of a confocal microscope. Variants of this scheme have recently been implemented experimentally (7, 8) and there is continuing theoretical interest in developing optimal strategies for tracking diffusing molecules (9) . Such approaches tend to be limited by the finite travel and slow response time of the mechanical feedback mechanisms.
The ABEL trap monitors the Brownian motion of a nanoparticle (by means of fluorescence microscopy) and then applies a feedback voltage to a microfluidic cell so that the resulting electrokinetic (i.e., electrophoretic and electroosmotic) forces produce a drift that exactly cancels the Brownian motion. The ABEL trap works on any object that can be imaged optically and is gentle enough to trap a variety of biological samples far smaller than can be trapped by other means. Trapping may be performed in most standard buffers or in distilled water.
A microfluidic cell is mounted in an inverted fluorescence microscope. Images are acquired on a high-sensitivity digital camera at frame rates of up to 300 Hz. A personal computer running custom software processes the images in real-time to extract the x,y-coordinates of a particle of interest and then applies a feedback voltage proportional to the offset between the measured position and a target position. The voltage induces a drift that pushes the particle toward the target position before the arrival of the next video image. The target position may be set to follow a predetermined two-dimensional trajectory or be controlled interactively by dragging with the computer mouse.
For optimal imaging of the fluorescent object, we built a microfluidic trapping cell made entirely of glass (Fig. 1) . The fabrication process is described in detail in Supporting Text, Figs. 4 and 5, and Movies 1-4, which are published as supporting information on the PNAS web site. In a previous ABEL trap design, (4) this microfluidic cell was made of poly(dimethylsiloxane) (PDMS). PDMS is permeable to oxygen, and oxygen leads to rapid photobleaching of many of the dyes used on biomolecules. Efforts to remove oxygen from the solution were unsuccessful with the PDMS cell because the PDMS acted as a large reservoir of oxygen, continually replenishing the solution. With a glass cell, standard oxygen scavengers could be added to the trapping medium, extending the lifetime-to-photobleaching of individual molecules by a factor of Ϸ10.
Objects within the disk-shaped trapping region are confined to the focal plane of the microscope but are free to diffuse within this plane. Four fluidic channels convey voltages from macroscopic control electrodes to the corners of the trapping region. Applying a voltage V ϭ (V x , V y ) to the control electrodes leads to a force F ϰ V on objects in the trapping region. The force arises through two distinct mechanisms: (i) charged particles are acted on directly by the electric field, resulting in an electrophoretic drift; and (ii) the electric field leads to an electroosmotic flow in the trapping region, which imparts a hydrodynamic force on all particles. As in capillary electrophoresis, the relative contributions of these two mechanisms may be adjusted by tailoring the composition of the solution and the surface chemistry of the microfluidic channels (10) .
In contrast to optical forces, electrokinetic forces are so strong that they cease to limit the trapping strength of the ABEL trap. Rather, the trapping strength is limited by the latency of the feedback loop: the particle undergoes position fluctuations along each axis with mean-square amplitude 2 Ϸ 2Dt r , where D is the diffusion coefficient of the particle and t r is the response time of the feedback loop. The effective spring constant of the trap is given by k eff ϭ k B T͞ 2 . Because D ϰ 1͞a, where is the viscosity of the trapping medium and a is the radius of the particle, we have k eff ϰ a. In contrast, the effective spring constant of laser tweezers scales as k eff ϰ a 3 . Thus, the ABEL trap scales more favorably than laser tweezers for trapping small particles, and furthermore the trapping strength of the ABEL trap may be increased by increasing the viscosity of the trapping medium.
Increasing the field of view (FOV) increases the distance the particle has to go before it escapes from the trap. This increase could allow trapping of smaller particles at a given feedback latency but with increased spatial fluctuations. In addition, if an increase in the FOV is achieved by reading out a larger number of pixels from the charge-coupled device (CCD) (we normally only read out a small fraction of the CCD), then the frame rate of the camera slows down, and the image-processing software runs more slowly; these effects combine to counteract the gain from the increased FOV. The other way to increase the FOV is to use a lower-magnification objective or hardware binning of the pixels. However, once the width of the point-spread-function of the microscope becomes smaller than the dimensions of one pixel, the signal-to-noise ratio decreases. It becomes increasingly difficult to locate the particle amidst the fuzz from pixel noise and background autofluorescence. As cameras, computers, and image-processing software improve, undoubtedly we will be able to trap smaller objects.
Results and Discussion
We trapped individual particles of fluorescently labeled tobacco mosaic virus (TMV; Ϸ300 nm long ϫ 15 nm in diameter) (see Movie 1) . From the record of the position, r(t n ), at each time step t n and the feedback voltage, V(t n ), it is useful to extract a ''pseudofree trajectory'' (i.e., a trajectory similar to the one the particle would have followed had it not been trapped) as follows. The electrokinetic mobility was calculated from a linear regression of the displacements r(t nϩ1 ) Ϫ r(t n ) between successive iterations of the feedback against the applied voltages V(t n ). From the mobility and the record of the applied voltages, we calculated the field-induced displacement for each time step. This field-induced displacement was subtracted from the measured displacements. The resulting residual displacements (which are uncorrelated with the applied voltage) are due to Brownian motion. Summing these residuals leads to a pseudofree trajectory, constrained to start and end at the origin. Fig.  2 illustrates the measured and pseudofree trajectories for 13 trapped particles of TMV.
These pseudofree trajectories show significant heterogeneity in the diffusion coefficient of the trapped particles: heterogeneity that would not have been apparent from a bulk experiment. The extracted mobility had an average value of 5 ϫ 10 Fig. 2b shows the diffusion coefficients along the x-and y-axes. From the strong correlation between D x and the independently measured D y , we conclude that the heterogeneity reflects an intrinsic property of the trapped particles rather than a statistical error due to the stochastic nature of the measurement. No particles showed a diffusion coefficient larger than the literature value of 4.19 m 2 ͞s (12), from which we conclude that the heterogeneity is due to aggregation of the TMV virions. TMV has a rotational relaxation rate of 318 s Ϫ1 , which guarantees that the rotational anisotropy averages out after a few video frames, whereas the diffusion coefficients are calculated by averaging the displacements over 6.8 s. Thus, anisotropy of the 
TMV does not contribute to the measured heterogeneity of D.
Because of the many different ways in which multiple TMV particles can bind together, we do not expect to see clustering of the diffusion coefficients corresponding to distinct numbers of particles in an aggregate. In contrast to the experiments on TMV, trapped 200-nm fluorescent polystyrene nanospheres showed considerably less heterogeneity in D.
In one of the first papers on optical trapping, Ashkin and Dziedzic (13) demonstrated trapping of TMV particles in a concentrated solution. In that experiment, it was not possible to control the number of TMV virions in the trap because each virion experienced essentially the same attractive optical potential. In contrast, the ABEL trap always traps exactly one particle: the Brownian motion of distinct particles is uncorrelated, so the force used to cancel the motion of one particle on average augments the motion of all of the others. Movie 1 of a trapped TMV particle shows that when two particles enter the trapping region, the mutual center of brightness is trapped, until one of the particles exits the trapping region, at which point the remaining particle is trapped.
To identify the dimmest fluorescent object that could be trapped, we formed Ϸ100-nm-diameter vesicles of eggphosphatidylcholine (Egg-PC) doped with one or two fluorescent lipid molecules per vesicle. Despite their low fluorescence intensity, we were able to trap these vesicles and observe photobleaching in discrete steps (Fig. 3a) . Vesicles containing individual fluorophores were stably held in the trap until photobleaching rendered the vesicles undetectable.
Attempts to study transmembrane proteins in lipid vesicles at the single-molecule level have been hampered by the diffusionlimited observation time of free vesicles (14) . Furthermore, transmembrane proteins in planar-supported lipid bilayers are often immobile (15) , although adding an extra bilayer ameliorates this problem (16) . We expect that the ABEL trap will open avenues for single-molecule studies of transmembrane proteins in a close-to-native environment.
The response time of the ABEL trap was insufficient to trap objects smaller than Ϸ20 nm diameter in buffer (D Ͼ 22 m 2 ͞s), although this goal will be possible in the future with faster imaging and feedback. To trap smaller objects, we increased the viscosity of the trapping medium by adding glycerol or sucrose. In solutions of 50% glycerol ( ϳ 6 H 2 O ), we were able to trap single molecules of large proteins (GroEL and B-phycoerythrin) and single fluorescent CdSe nanocrystals (Fig. 3 b-d and Movies 2-4). GroEL was labeled with, on average, six fluorophores per tetradecamer, and stepwise photobleaching was often observed in the trapped molecules. B-phycoerythrin is intrinsically fluorescent and was trapped without any artificial labeling. The molecules of B-phycoerythrin showed single-step photobleaching, consistent with the understanding that the many fluorophores in the molecule are strongly coupled and form a single excitonic system (17) . Trapped nanocrystals showed fluorescence blinking and were typically lost from the trap whenever they experienced an off-time greater than a few milliseconds.
With the ability to overcome the effects of Brownian motion, we expect that the ABEL trap will enable new biophysical measurements. It is clear that other spectroscopic techniques can be brought to bear on trapped molecules, such as fluorescence polarization͞anisotropy, fluorescence lifetimes, binding events, and Förster resonant energy transfer (FRET). The ABEL trap could provide the analysis station for a device analogous to the well known FACS (fluorescence-activated cell sorter) but now for single biomolecules. The ability to trap single viruses and trigger the release of their genetic material at a defined location is a tantalizing prospect (18) . By trapping lipid vesicles containing transmembrane proteins, one may study the action of these proteins at the single-molecule level in a near-native environment; these proteins are notoriously sensitive to departures from the cellular milieu. Enzymes that produce a fluorescent substrate are particularly attractive candidates for study because they are not subject to photobleaching (19) . The ABEL trap would provide a nonperturbative way to study the folding of single proteins in solution (20) . In addition to aiding single-molecule studies, the ABEL trap might allow one to assemble nanostructures one molecule at a time.
Materials and Methods
Trapping of TMV. Particles of TMV (American Type Culture Collection) were suspended at a concentration of 50 nM in a buffer of 0.1 M NaHCO 3 (pH 8.0). They were incubated with 1 mM Cy3-succinimidyl ester (Molecular Probes) at 4°C for 48 h for labeling of exposed amines. Unreacted dye was removed by gel filtration followed by dialysis against distilled water. The trapping was performed in distilled water at a TMV concentration of 20 pM. The viruses were excited at 532 nm.
Trapping of Lipid Vesicles. Lipid vesicles of egg-phosphatidylcholine were formed according to the procedure provided by 
